Lettuce infectious yellows virus (LIYV) encodes a 26 kDa protein (P26) previously shown to associate with plasmalemma deposits (PLDs), unique LIYV-induced cytopathologies located at the plasmalemma over plasmodesmata pit fields in companion cells and phloem parenchyma. To further characterize the relationship of P26 and PLDs, we assessed localization and cytopathology induction of P26 expressed from either LIYV or a heterologous Tobacco mosaic virus (TMV) vector using green fluorescent protein (GFP) fusions, immunofluorescence microscopy, biochemical fractionation, and transmission electron microscopy (TEM). TEM analyses demonstrated that P26 not only associated with, but induced formation of PLDs in the absence of other LIYV proteins. Interestingly, PLDs induced by P26-expressing TMV were no longer confined to phloem cells. Putative P26 orthologs from two other members of the genus Crinivirus which do not induce conspicuous PLDs exhibited fractionation properties similar to LIYV P26 but were not associated with any PLD-like cytopathology.
Introduction
Lettuce infectious yellows virus (LIYV) is the type member of the genus Crinivirus in the family Closteroviridae (Duffus et al., 1986; Klaassen et al., 1994; Klaassen et al., 1995) . Criniviruses are transmitted by whiteflies in the genera Bemisia and Trialeurodes, and LIYV is specifically transmitted by the sweet potato whitefly Bemisia tabaci, biotype A (Duffus et al., 1986) . As whitefly distribution has increased worldwide, the occurrence of criniviruses has as well (Wintermantel, 2004; Wisler et al., 1998) . As a result of their incidence and agricultural importance, sequence data and studies on biology and molecular biology have been reported for a number of criniviruses in recent years. However, because of the challenges inherent to study these non-mechanically transmissible, phloem-limited viruses with relatively large (+) ssRNA genomes (∼15-20 kB), much remains to be learned about the roles of Crinivirus-encoded proteins in host cells.
Early ultrastructural analyses of plant tissues infected by viruses of the family Closteroviridae showed that several cytopathologies are induced by infection. The first studies were of plants infected by Beet yellows virus (BYV, genus Closterovirus), in which long flexuous virus particles, proliferation of host membranes and the formation of small vesicular invaginations were described (Esau et al., 1966; Esau et al., 1967) . Flexuous particles and "BYV-type" vesicles have since been described for other members of the family Closteroviridae including LIYV, and are characteristic of this group. After the emergence of LIYV in the early 1980s, ultrastructural studies of infected tissues showed that it induced another, unique cytopathology: plasmalemma deposits (PLDs) Pinto et al., 1988) . PLDs are conical structures of unknown composition, which appear in transmission electron micrographs (TEMs) to be striated and crystalline. LIYV infection is phloem-limited in all hosts observed to date (Medina et al., 2003) , and PLDs are found in companion cells and phloem parenchyma just over plasmodesmata pit fields between these cells or adjoining sieve elements. Virus particles are consistently observed in juxtaposition to these structures, and appear to be oriented perpendicular to the plasmalemma just over the plasmodesmata and the PLDs (Medina et al., 2005; Medina et al., 1998; Pinto et al., 1988) . LIYV particles are comprised of at least four different virusencoded proteins: Hsp70 h, P59, CP, and CPm. Immunogold labeling has confirmed that the particles located near the PLDs include these viral structural proteins (Medina et al., 2005; Medina et al., 1998) . What appear to be virus particles have even been observed within plasmodesmata under the PLDs, adding to circumstantial evidence for a role in movement which has been hypothesized for these structures . We and others have suggested that PLDs may be important for orienting virus particles near the plasmodesmata, and may aid in shuttling them between phloem parenchyma and companion cells, or into sieve elements for systemic transport of infectious particles .
Work characterizing LIYV-encoded proteins and their functions has shed additional light on which viral components are responsible for LIYV-induced cytopathologies. RNA 1 of LIYV encodes proteins involved in replication and can replicate autonomously in tobacco (Nicotiana tabacum L.) protoplasts (Klaassen et al., 1996) . Infection of cells by RNA 1 alone is sufficient to induce the "BYV-type vesicles", but RNA 2 must also be present in order to observe virus particles or PLDs (Medina et al., 1998) . RNA 2 encodes the structural proteins Hsp70 h, P59, CP, and CPm; two small predicted proteins, P5 and P9; and P26. The ORFs encoding P5 and the virion components Hsp70h, P59, CP, and CPm are part of the "hallmark closterovirus gene array", a gene module conserved among all the members of the family Closteroviridae (Karasev, 2000) . All described members of the genus Crinivirus have a 3′-most RNA 2 ORF encoding a protein of approximately 26 kDa (P26 for LIYV). The LIYV P26 amino acid sequence is fairly unique, with low nucleotide or amino acid similarity to other Crinivirus ORFs and no indication so far of conserved functional domains or residues. However, subsets of other Crinivirus-encoded P26 proteins show some degree of conservation and possible conserved residues in alignments (Dolja et al., 2006) . Unlike the other large RNA 2-encoded proteins, LIYV P26 has not been found associated with purified virions. However, immunogold labeling of infected tissues using antibodies generated against some of the major LIYV proteins, including the virion capsid components and P26, revealed that only P26 specifically associated with the PLDs (Medina et al., 2005) . The colocalization of P26 and the PLDs provides evidence for a role of P26 as part of these unusual cytopathological structures, possibly as an aid to viral cell-to-cell or long-distance movement. Interestingly, although other criniviruses encode a P26 protein, the PLD cytopathology has been reported only for LIYV. Less prominent electron-dense deposits which lack the distinctive PLD conical morphology have been described for Beet pseudoyellows virus (BPYV), Cucurbit yellow stunting disorder virus (CYSDV), and Tomato infectious chlorosis virus (TICV), but whether these structures are comparable or analogous to the LIYV PLDs is not known (Medina et al., 2003) .
Many questions remain to be addressed about the roles of P26 and how it may function. The work presented here is aimed at addressing questions about the association of P26 with PLDs. How does P26 localize in the presence and absence of other LIYV proteins? Does it contain sufficient information to target itself to sites of PLD formation? Is P26 alone sufficient to induce PLD formation? And do P26 orthologs encoded by other criniviruses have similar properties? In order to address these questions, we expressed P26 and P26 fusions to green fluorescent protein (GFP) from a heterologous Tobacco mosaic virus (TMV) vector, 30B (Rabindran and Dawson, 2001; Shivprasad et al., 1999) . TMV has the advantages of higher infectivity than LIYV transcripts in protoplasts (in part because it is monopartite), mechanical transmissibility, higher expression level of proteins, and higher viral titer in plants. Currently, LIYV is the only Crinivirus for which cDNA clones from which infectious RNA may be derived has been constructed (Klaassen et al., 1996) , which has enabled study of viral processes such as replication in protoplasts (Yeh et al., 2000) . Reverse genetic approaches to the study of viral gene function in plants by whitefly transmission of protoplast-derived virions are significantly more challenging, although some such studies have been successful (Ng and Falk, 2006; Ng et al., 2004) . So far, endeavors to characterize the function of potential movement proteins such as P26 in planta have been prohibitive. Studies of P26 via a heterologous expression system provided an amenable system for the study of LIYV cytopathology and the role of P26, bypassing some of the challenges inherent to studies of LIYV in protoplasts and in planta. PLDs and other LIYV cytopathologies occur in tobacco protoplasts as well as in plants, providing a readily accessible system for the study of LIYV-induced cytopathologies. Here we report that heterologous expression of LIYV P26 recapitulates PLD formation, and describe similarities and differences in localization, biochemical fractionation patterns, and cytopathology induction observed in analyses of BPYV and CYSDV Crinivirus P26 orthologs. 
Results

Localization of P26:GFP and GFP:P26 expressed from TMV 30B
We first tested GFP fusions to P26 to determine P26 subcellular localization when expressed from a heterologous virus (TMV) in the absence of other LIYV proteins. Infectious TMV 30B transcript RNAs engineered to express GFP:P26 or P26:GFP fusions were inoculated to N. tabacum protoplasts. GFP localization was observed over the course of several days. For the P26:GFP fusion, GFP fluorescence was detected in small scattered punctae at 1 day post-inoculation (dpi) (Fig. 1A) . At 2 dpi, fewer but larger punctae were visible (Figs. 1B, C) , and by 3 dpi only 1-4 large central fluorescent aggregates were visible per cell (Fig.  1D) . In contrast, GFP:P26 was only observed localized to the cell periphery at 1 dpi and all subsequent time points, and no discrete fluorescent foci were observed for this construct (Fig. 1E ). Both GFP fusions to P26 changed the localization of GFP relative to the control TMV 30B-GFPc3 (Fig. 1F) . However, neither of the genes encoding GFP fusions to P26 were stably retained in the TMV 30B vector, as assessed by RT-PCR, even at 1 dpi (data not shown). Since the GFP fusions appeared to only provide partial localization information and were not stable in the TMV vector, they were not used for subsequent TEM analyses.
Immunofluorescence localization of LIYV P26 and plasmolysis
The N-and C-terminal GFP fusions with P26 localized differentially, and it is possible that neither was representative of native P26 localization. Therefore, we next tested the localization of an unfused P26 protein directly using immunofluorescence. Protoplasts were inoculated with infectious TMV 30B-LIYV P26 transcripts or with LIYV virion RNA and harvested at 3 dpi for immunofluorescence staining and microscopy. P26 localized similarly whether expressed in the context of complete LIYV infection ( Fig. 2A) or from TMV in the absence of other LIYV proteins (Fig. 2B ). Fluorescent punctae were localized to the cell periphery, including at the boundary of recentlydivided cells (Fig. 2B ). TMV 30B-LIYV P26-infected protoplasts appeared to accumulate more P26 protein than LIYV-infected protoplasts, so that more aggregates were often observed in these cells. No fluorescent punctae were observed in water-inoculated cells treated for immunofluorescence (not shown). Accumulation of P26 in peripheral aggregates indicated that GFP fusions had partial P26- directed localization, since P26:GFP aggregated and P26:GFP localized to the cell periphery. When cells infected with either LIYV (Fig. 2C ) or with TMV 30B-LIYV P26 (Fig. 2D) were plasmolyzed prior to immunofluorescent detection, punctae usually lost peripheral association and remained in collapsed plasma membrane and cytosolic portions. Occasional aggregates remained associated with cell walls (Figs. 2C, D, white arrowheads).
Heterologous P26 expression in protoplasts and in planta
Since P26 expressed from either TMV or LIYV exhibited localization expected for PLDs themselves (localization in peripheral punctae and cell wall/plasma membrane fractionation), we tested infected cells by TEM to determine whether P26 expressed from TMV could recapitulate PLDs in the absence of any other factors from LIYV. LIYV-or 30B- LIYV P26-infected N. tabacum suspension cells were collected at 4 dpi and processed for TEM. PLDs were observed as expected in LIYVinfected cells, along with associated virus particles (Fig. 3A) . In these cells, LIYV virus particles were observed associated with PLDs as has been previously described Medina et al., 2003; Medina et al., 2005; Medina et al., 1998; Pinto et al., 1988) . PLDs indistinguishable from those produced by LIYV infection were also observed in cells infected with TMV 30B-LIYV P26 (Fig. 3B) . TMV particles were also observed these cells, but were not associated with PLDs. When whole plants were infected with TMV 30B-LIYV P26, TMV infection moved systemically and PLDs were observed throughout infected plants in many non-phloem cell types, including palisade mesophyll cells (Fig. 3C) , bundle sheath cells (Figs. 3D, E) , lacunar mesophyll cells (Fig. 3F) , and epidermal cells (Fig. 3G) . No PLD-like structures were observed in 30BGFPc3-infected or uninfected tissues (not shown). Macroscopically, plants infected with TMV 30B-LIYV P26 exhibited typical Tobacco mosaic virus symptoms but no other apparent abnormalities.
Heterologous expression of BPYV and CYSDV P26 orthologs
To compare biochemical properties and localization of Crinivirus P26 orthologs, corresponding genes from Beet pseudoyellows virus (BPYV) and Cucurbit yellow stunting disorder virus (CYSDV) with and without N-terminal 6×histidine tags were expressed from TMV 30B and tested for biochemical fractionation and cytopathology induction. LIYV P26 was previously found primarily in cell wall (CW) and plasma membrane-enriched (P1) tissue fractions, while the similarly-sized LIYV CP (27.7 kDa) was present in all tissue fractions, including microsome-enriched (P30) and soluble (S30) tissue fractions (Medina et al., 2005) . Since TMV carrying BPYV and CYSDV P26 sequences induced necrosis in plant tissue and did not move systemically with intact insertion sequences (data not shown), we tested these proteins for fractionation patterns in cells infected as protoplasts instead of in plant tissue. N. tabacum cells inoculated as protoplasts were harvested 3 dpi, and fractionations were performed using a method slightly modified from the plant tissue fractionation method (Donald et al., 1993) . The four fractions obtained were designated: CW, P1 (1000 g pellet), P20 (20,000 g pellet), and S20 (20,000 g supernatant), which are expected to be enriched for cell wall components, larger cellular particles and organelles such as chloroplasts, small membrane components such as microsomes, and soluble cytosolic proteins, respectively. Fractions from LIYV or TMV construct-infected cells were compared with water-inoculated or TMV 30BGFPc3-inoculated cell fractions, respectively, and tested by western blotting.
LIYV P26 expressed from LIYV or TMV was enriched in CW and P1 fractions of cells, as in plant tissue (Figs. 4 A, B) . Histidine-tagged LIYV P26 exhibited a similar fractionation pattern, indicating that the histidine tag did not disrupt the fractionation properties of the protein (Fig. 4C) . In like manner, histidine-tagged BPYV and CYSDV P26 proteins were found enriched in cell wall and P1 fractions (Figs. 3D, E) . As in plant tissue fractions, LIYV CP was detected in all cell fractions (Fig. 4F) . Their similar fractionation patterns indicated that LIYV, BPYV, and CYSDV P26 proteins may have some conserved biochemical properties. However, no cytopathology was observed in tobacco cells infected with TMV expressing either histidine-tagged or native BPYV or CYSDV P26 proteins. RT-PCR analyses indicated that these inserted sequences were stably retained in the TMV vector throughout the time frame (up to 4 dpi) of these experiments (data not shown).
The LIYV P26 only shared 14% and 11% amino acid identity with BPYV and CYSDV P26 sequences tested here, respectively (aligned using Vector NTI, Invitrogen). In previous comparative cytopathological TEM analyses, structures as striking as the LIYV PLDs were not observed during infection by other criniviruses (BPYV, CYSDV, TICV, and ToCV) (Medina et al., 2003) . However, BPYV, CYSDV, and TICV were reported to induce occasional electron-dense depositions external to the tonoplast or plasmalemma. No cytopathology comparable either to LIYV PLDs or these reduced structures was observed in cells infected with TMV-30B expressing BPYV and CYSDV P26 orthologs, with or without the histidine tag (not shown). In addition, PLDs were not observed in cells infected with TMV 30B-LIYV His-P26, indicating that the histidine tag, although it did not alter the biochemical fractionation pattern of the protein, may disrupt PLD formation.
Immunofluorescence localization of 6×His-tagged P26 orthologs
Histidine-tagged LIYV, BPYV, and CYSDV P26 orthologs were tested for localization using anti-histidine antibody for immunofluorescence labeling. Even though LIYV His-P26 fractionated similarly to the unfused protein, the presence of the histidine tag appeared to weaken the peripheral punctate localization, such that fewer punctae and more diffuse fluorescence were observed for this construct (Fig. 5A) . BPYV His-P26 appeared to accumulate to very high levels throughout cells, such that specific localization was difficult to discern at 2-3 dpi. At 1 dpi, aggregation and nuclear localization was observed (Fig. 5B) . CYSDV His-P26 exhibited variable localization patterns and appeared to accumulate less than either the BPYV or LIYV His-P26 proteins. Localization patterns observed for CYSDV His-P26 were variable and included diffuse internal fluorescence not excluded from nuclei, peripheral localization, and polarized peripheral localization (Fig.  5C ). Polarized peripheral localization was frequently observed especially at junctions between adjacent cells, and occasionally aggregates or punctae were observed at these sites (Fig. 5C) . Altogether, the localization patterns observed for histidine-tagged BPYV and CYSDV P26 proteins were very distinct from those of LIYV P26 or histidine-tagged LIYV P26.
Discussion
Here we have shown that LIYV-encoded P26, expressed from a heterologous TMV 30B vector, is sufficient to induce the formation of a unique and prominent LIYV cytopathology, plasmalemma deposits (PLDs), in the absence of other LIYV components. Infection of cells or plants with TMV 30B-LIYV P26 also resulted in PLD formation in nonphloem cells, in contrast to the situation during LIYV infection. P26 localized to peripheral aggregates and was enriched in cell wall and plasmalemma-enriched biochemical fractions, supporting the idea that it is a primary component of PLDs, although host components may also contribute. P26 protein fusions to GFP exhibited partially disrupted P26 localization, suggesting to us that aggregation-and peripheral localization may be modular features residing predominantly in N-and C-terminal portions of the protein, respectively. Immunofluorescence of plasmolyzed cells indicated that P26 has a weak cell wall association, so that enrichment in cell wall fractions may result in part from formation of insoluble protein aggregates as well as bona fide cell wall localization. Orthologous P26 proteins from BPYV and CYSDV criniviruses exhibited similar biochemical fractionation properties, but the evidence suggests they may localize differently and they were not associated with any cytopathology induction.
PLDs are conspicuous especially during later stages of LIYV infection and have long been hypothesized to be involved in virus movement because of their location over plasmodesmata and their association with virus particles perpendicular to the plasma membrane . There is precedent for plasmodesmatal-localizing, cytopathology-inducing viral proteins having a role in movement. The potyvirus-encoded CI protein forms needle-like structures at plasmodesmata during early stages of infection, and has been demonstrated to be important for cell-tocell and long-distance movement in plants (Carrington et al., 1998; Roberts et al., 1998; Rodriguez-Cerezo et al., 1997) . Interestingly, potyviruses have also been described to have polar virus particles, reminiscent of the closterovirus particles with CPm located only at one terminus (Torrance et al., 2006) . Other plant virus-encoded movement proteins induce tubules in infected protoplasts and plants, which infectious particles appear to traverse (Huang et al., 2000; Kasteel et al., 1996; Kasteel et al., 1997; Nurkiyanova et al., 2001) . Plant virus movement proteins have been characterized in experiments where mutants restrict mesophyll cell-to-cell movement, or where expression of the putative movement protein modifies plasmodesmatal size exclusion limits in mesophyll cells [for some examples, see (Alzhanova et al., 2001; Carrington et al., 1998; Wolf et al., 1989) ]. Movement requirements for viruses in the genus Crinivirus have not been determined to date using genetic approaches because of the challenges of performing in planta studies of these phloem-limited, non-mechanically transmissible viruses. However, movement requirements for the related Closterovirus Beet yellows virus (BYV; also in the family Closteroviridae) have been studied at length.
For BYV, which is not strictly phloem-limited in all hosts and for which agroinfection methods have been developed, multiple virusencoded proteins have been shown to be important for mesophyll cell-to-cell movement, including each of the four capsid components with LIYV orthologs (Hsp70h, P59, CP, and CPm for LIYV) (Alzhanova et al., 2000; Peremyslov et al., 1999) . It has not yet been ascertained whether the translocated entity is the encapsidated virion, or involves the capsid components in other ways (Dolja et al., 2006) , however, the accumulation of virus particles near PLDs and plasmodesmata for LIYV and the importance of each of the capsid proteins for movement in BYV implicates assembled virions in movement. Non-catalytic residues of the leader-proteinase, most of which are not conserved in LIYV, and a 20 kDa protein encoded by BYV but lacking in Crinivirus genomes have also been demonstrated to be important for longdistance movement for BYV (Peng et al., 2003; Prokhnevsky et al., 2002) . Although movement in LIYV may be substantially different from cell-to-cell or even long-distance movement for BYV, there may be some common elements. For example, observations of virus particles accumulating in sieve elements over the course of LIYV infection, and their association with PLDs and juxtaposed plasmodesmata provide some indication that capsid components may be important for long-distance movement in LIYV as well as for the Closterovirus BYV.
If PLDs are indeed involved in LIYV movement, then P26 is a likely candidate for aiding movement of virus particles between companion cells and phloem parenchyma, or phloem loading or unloading of infectious particles into sieve elements to complete long-distance transport. Expression of P26 in non-phloem cells might be expected to result in loss of the phloem-limitation of LIYV. However, in plants coinfected with LIYV and TMV 30B-LIYV P26, higher LIYV titers were observed but LIYV did not exhibit clear phloem escape (data not shown). Moreover, increased LIYV titers during coinfection occurred even when TMV lacked the P26 gene. So although PLDs form in nonphloem cells during coinfection, transport properties, if any, may not be retained at these new non-phloem cell boundaries. Finally, there is no indication that LIYV P26 is important for macroscopic symptom development (possibly induced by disruption of plant macromolecular trafficking), since plant infection by TMV 30B-LIYV P26 resulted only in TMV symptom development.
As previously noted, the strong PLD cytopathology P26 induces is unique to LIYV even within the genus Crinivirus. However, every sequenced Crinivirus has a P26-encoding ORF, albeit with very low amino acid sequence conservation. Reduced depositions previously described in BPYV and CYSDV-infected tissue (Medina et al., 2003) may have no similarity in function or source to the LIYV PLDs, might be so reduced in frequency as to make detection limited, or might require other viral components to induce cytopathologies, in contrast to the case for LIYV PLDs. The orthologs share some common biochemical properties, as indicated by comparable fractionation patterns. Western blots of LIYV P26 with and without the histidine tag have indicated possible dimerization, since protein is detected both at approximately 26 and 52 kDa. CYSDV and BPYV histidine-tagged P26 proteins also showed a similar propensity, with a comparable doublebanding pattern in western blots (not shown; only the 26 kDa protein band is shown in Fig. 4) . However, 6×His-tagged proteins exhibited localization patterns different from the peripheral punctae observed for LIYV P26. Like LIYV P26, both BPYV and CYSDV P26 proteins appeared to have some association with membranes and capacity to aggregate, but also exhibited nuclear and other localization patterns not observed for LIYV P26. The localization data for tagged proteins must be interpreted with caution, however, since the presence of the 12 amino acid histidine tag and linker sequence appeared to abolish PLD formation by LIYV P26, despite retention of biochemical fractionation properties, and weakened the LIYV P26 peripheral punctate localization (as did GFP fusion). Interestingly, the BPYV P26 appeared to accumulate to very high levels relative to either CYSDV or LIYV orthologs as assessed by western blotting and immunofluorescence, even though all proteins were expressed under the same subgenomic promoter with the same heterologous vector. The lack of cytopathology induction therefore does not seem to be correlated with the degree of protein accumulation or aggregate formation.
Since all of the criniviruses described to date encode a P26 ortholog, despite the lack of conservation of the PLD cytopathology, how conserved its functions may be across the genus is still an open question. Plant viral proteins may localize and possibly function similarly even if not all the orthologs induce cytopathologies, as is the case for potyvirus nuclear inclusion proteins. NIa and NIb proteins from only some potyvirus species (e. g. Tobacco etch virus) induce nuclear inclusions, but orthologs from a potyvirus lacking nuclear inclusions still localize to the nucleus and may perform some of the same functions there (Hajimorad et al., 1996) . PLD formation may in fact be incidental to P26 function, instead representing a host response as previously suggested which other criniviruses may evade, or simply be crystalline aggregations of excess protein. Alternatively, PLD formation could be integral to LIYV P26 function and represent a key divergence from the other criniviruses. Indeed, in phylogenetic analyses of various Crinivirus genes, LIYV often appears to be an outgroup in the genus. Interestingly, one of the reported plant virus-induced cytopathologies most similar to LIYVinduced PLDs are the "hexagonal tubules" over plasmodesmata observed in cherry petioles affected by Little cherry disease (LChD) (Raine et al., 1979) . The agent responsible for tubule formation was not identified, but evidence of infection by Little cherry virus-1 and/or 2, monopartite members of the family Closteroviridae, was also present in these tissues. Each of these viruses are predicted to encode 20-27 kDa proteins from 3′-ORFs, but these cannot be identified as LIYV P26 orthologs based on sequence comparisons because of divergence (as is also the case for many Crinivirus P26 sequences). Formation of PLDs or hexagonal tubules may represent a more basal lineage in the evolution and divergence of criniviruses and ampeloviruses in the Closteroviridae clades. A previous model suggesting that criniviruses may have shared a common ancestor with ampeloviruses after separation of the closterovirus clade supports this notion (Dolja et al., 2006) . As methods to test protein functions become more accessible, studying the functions of Crinivirus proteins such as P26 promise to yield interesting insights into the roles of LIYV P26 and the PLDs it induces, as well as the degree of divergence or conservation of P26 orthologs within the genus Crinivirus.
Materials and methods
Cloning constructs into TMV vector
Heterologous expression constructs were generated in the Tobacco mosaic virus (TMV) 30B vector, which expresses inserted sequences under a duplicated coat protein promoter (Rabindran and Dawson, 2001; Shivprasad et al., 1999) . P26 sequence was amplified from the LIYV RNA2 infectious clone pSP6 (Yeh et al., 2000) . P26:GFP and GFP: P26 sequences were generated by removing the ER-localization signal and KDEL retention signal coding sequences from the pBIN GFP ERtargeted GFP gene (Haseloff et al., 1997) and fusing this with a short linker to the P26 sequence. P26:GFP, GFP:P26, and P26 sequences were cloned into the TMV 30B XhoI site and screened for orientation using restriction endonuclease digestion. P26 gene sequences from BPYV and CYSDV were obtained by reverse transcription-polymerase chain reaction (RT-PCR) from total RNA of BPYV-or CYSDV-infected tissue, respectively and subcloned into TOPO and pBluescript SK+ vectors. 6×Histidine tag sequences were added to P26 gene orthologs using similar primer sets to clone fragments into TMV 30B PacI/XhoI sites. For example: 5′-CACTAGTTAATTAACAATGCGGGGTTCT-CATCATCATCATCATCATGGTatgaataattttcctga-3′ (PacI site in bold, start codon underlined, six histidine residue codons italicized, and P26-specific sequence in lower case) was used to add 12 N-terminal amino acids, MRGTSHHHHHHG to LIYV P26. All amplified sequences were subcloned and sequenced prior to TMV 30B ligation.
RT-PCR
Stability of sequences inserted into TMV 30B was determined by RT-PCR analysis. RNA was isolated using either phenol-chloroform extraction or RNeasy column purification (Qiagen Inc., Valencia, CA). RT-PCR was performed using primers flanking the TMV 30B insertion sites (forward primer 5′-TGATGATTCGGAGGCTACTG-3′ and reverse primer 5′-GTTATCGTACGCACCACGTG-3′). Reverse transcription was performed for 1 h at 42°C followed using Superscript II reverse transcriptase (Invitrogen Corp., Carlsbad, CA). PCR was performed using GoTaq polymerase (Promega, Madison, WI) according to the manufacturer's recommendations. PCR amplification was performed using 35 cycles at 94°C (30 s), 54°C (45 s), 72°C (2 min) and products were analyzed by agarose gel electrophoresis.
In vitro transcription
Capped transcripts of TMV 30B constructs were synthesized in vitro using T7 polymerase. 2-5 μg of plasmid DNA template was linearized with KpnI and isolated by phenol:chloroform extraction and isopropanol precipitation. T7 transcriptions were performed according to the manufacturer's instructions (mMessage mMachine kit; Ambion Inc., Austin, TX) for long transcripts. Transcripts were precipitated with 4.5 M LiCl/30 mM EDTA, resuspended in nucleasefree water, and stored at − 80°C. Transcript quantity and quality were estimated by spectrophotometry (absorbance at 260 and 280 nm) and agarose gel electrophoresis.
Virus maintenance, LIYV virion purification, and LIYV vRNA preparation LIYV was maintained in lettuce (Lactuca sativa L. cv. Summer Bibb) plants, transmitted by Bemisia tabaci (biotype A) from colonies kept in growth chambers on lima bean [Phaseolus limensis (Macf.)] as described previously (Tian et al., 1999) . LIYV virions were isolated as previously described (Klaassen et al., 1994; Tian et al., 1999) . Viral RNA was extracted from purified virions using phenol-chloroform and ethanol precipitation, resuspended in nuclease-free water and stored at −80°C.
Nicotiana tabacum cell culture and maintenance, protoplast inoculation N. tabacum Xanthi Maryland cells suspension cell cultures were maintained as previously described (Ng et al., 2004) . Protoplasts were prepared by 4-5 h dark incubation of suspension cells in 370 mM Dmannitol, 12.5 mM sodium acetate, 5 mM CaCl 2 , 0.4% Macerase R-10 (Yakult, Japan), 0.6% Cellulase RS (Yakult, Japan), and 1% Cellulysin (CalBiochem, San Diego, CA) at pH 5.8. Protoplasts were inoculated with polyethylene glycol essentially as described previously (Jones et al., 1990; Ng et al., 2004) , inoculating 0.5 × 10 6 protoplasts with 0.5-1.0 μg of TMV 30B transcript or LIYV virion RNA. Inoculated protoplasts were incubated at 26.5°C until harvested for analysis.
Microscopy
TMV 30BGFPc3 (Rabindran and Dawson, 2001; Shivprasad et al., 1999) was used as a control for GFP localization in live-cell imaging experiments. Fluorescent and transmitted light images were collected using a Nikon Microphot SA epifluorescence microscope with SPOT Advanced software to collect and merge fluorescent and transmitted light images. Some merged images from plasmolysis experiments were adjusted for brightness and contrast using Powerpoint (Microsoft).
Immunofluorescence
For immunofluorescence localization, cells were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 8.10 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 ), following adhesion to poly-L-lysine-treated coverslips. Fixed cells were blocked with 1% BSA in PBS and treated with 1/1000 P26 antiserum (Medina et al., 2005) , 1/400 P26 IgG (2 μg/mL), or 1/1000 anti-HisG antibody (Invitrogen Corp., Carlsbad, CA) for 1 h, washed, then incubated 1 h with 1/1000 secondary goat anti-rabbit antibody conjugated to AlexaFluor 488 dye (Molecular Probes). Plasmolyzed cells were prepared by incubation in hypertonic buffer (1 M mannitol, 1% MES, 2 mM CaCl 2 ), then fixed with 3.7% formaldehyde. Fixed plasmolyzed cells were then permeabilized 10 min in PBS with 1%BSA and 0.5% Triton X-100, and processed for immunofluorescence according to a modified protocol (Zhang et al., 2004) similar to that described above except that incubations and washes were carried out in microcentrifuge tubes instead of on adherent coverslips. For TEM, cells were processed by standard double fixation with 2.5% glutaraldehyde in 0.1 M pH 7.2 potassium phosphate buffer followed by OsO 4 and uranyl acetate treatment and embedding in Epon/Araldite, then sectioned and observed as previously described (Medina et al., 1998) .
Biochemical fractionation
Cells inoculated as protoplasts were fractionated by modifying a method for plant tissue fractionation (Donald et al., 1993) . Cells were harvested 3 days post-inoculation (dpi) by centrifugation at 16,000 g. Cells from three inoculations (1.5 × 10 6 ) were pooled and processed for each CW (cell wall) fraction according to the plant tissue protocol except that 2% TX-100 washes were performed on entire cell pellets because of the limited amount of cell wall residue. Remaining fractions were also prepared using cells from three inoculations (1.5 × 10 6 ) according to the plant tissue protocol, except that the second pellet fraction was collected at 20,000 g. Fractions were designated: CW, P1 (1000 g pellet), P20 (20,000 g pellet), and S20 (supernatant of 20,000 g centrifugation). Each fraction was boiled 5 min in 1 volume (based on original wet pellet weight) of appropriate sample buffer (Donald et al., 1993) .
Western blotting
Protein samples analyzed by SDS-PAGE and western blotting essentially as previously described (Medina et al., 2005) . Primary antibodies used for western blotting were: 1/1500 or 1/1000 P26 antiserum (Figs. 3A and B, respectively) , 1/3000 anti-HisG antibody (Invitrogen; Figs. 3C-E), and 1/1000 CP IgG (Fig. 3F) . LIYV antibodies were raised as previously described (Medina et al., 2005) , and IgG was purified from crude antiserum using a sepharose column (1990). Horseradish peroxidase-conjugated secondary antibodies (BioRad) were used at 1/3000 and reactions detected using substrate (Amersham) according to manufacturer's recommendations. Images were adjusted for brightness and contrast using Adobe Photoshop CS.
